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Abstract 
In this paper, a multi-DOF robotic forceps manipulator that was developed in our laboratory is reviewed. We have developed a new 
bending technique with a screwdrive mechanism so far, which allows for omnidirectional bending motion by rotating two linkages. 
The screwdrive mechanism, termed double-screw-drive (DSD) mechanism, was utilized in a multi-DOF robotic forceps 
manipulator for laparoscopic surgery. Control of a robotic forceps manipulator incorporating the DSD mechanism (DSD forceps)  
through a teleoperation system was attempted via a joystick-type manipulator. For the teleoperation system, a Lyapunov function 
based bilateral control law that is capable of motion scaling in both position and force tracking was proposed so as to guarantee 
stability of the teleoperation system in the presence of time-varying delay. Then, the proposed bilateral control law was adopted for 
omnidirectional bending of the DSD forceps. Thus, a scalable surgical device that can provide force feedback to surgeon via a 
joystick-type manipulator was achieved. In addition, to extend the motion space of the DSD mechanism, design of the former DSD 
mechanism was improved so that the degree of freedom of motion of the tip position is extended, and new DSD mechanism was 
proposed. In order to control bending motion of the new DSD mechanism, inverse kinematics problem was analyzed, and equations 
which give the amount of rotations for each linkage were derived. To verify the validity of the derived equations, experimental 
works were carried out for the new DSD forceps manipulator. 
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and Professor Paulo Bartolo 
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1. Introduction 
Minimally invasive surgery has a characteristic that 
can reduce a burden of patients. However, it causes 
difficult operation for surgeons due to the inflexibility of 
surgical instruments and small work space. Therefore, 
development of the surgical support devices with the 
application of robot technology is in demand [1]. 
Recently, robotic surgical support systems such as `da 
VINCI' are in clinical use. We have developed a multi-
DOF robotic forceps manipulator for minimally invasive 
surgery using a novel omnidirectional bending technique 
with screw drive mechanism that we call double-screw-
drive (DSD) mechanism, so far [2]. 
In order to improve the operability of the robotic 
surgical support systems and to help surgeon's dexterity, 
development of haptic forceps teleoperation systems is 
required. Most recently, haptic forceps manipulator for 
minimally invasive surgery has been proposed in [3] and 
[4], in which operation force is measured by sensor and 
force feedback is provided. In addition, the motion 
scaling, which can adequately reduce or enlarge the 
movements and tactile senses of the operator and the 
robot, is necessary to assure safety of the surgery.  
On the other hand, communication time delay is 
inevitable in teleoperation systems, which may causes 
instability of the teleoperation systems. Therefore, 
stability of the system must be guaranteed in the 
presence of the communication time delay between 
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master device and slave device. [5] proposed a passivity 
based control scheme for bilateral teleoperation systems 
with constant time delay, in which delay dependent 
exponential stability of the position and velocity tracking 
error is guaranteed. In [6], improving the control scheme 
proposed in [5], such a passivity based bilateral control 
scheme that enables motion scaling in both position 
tracking and force tracking, and guarantees the stability 
of the teleoperation system in the presence of constant 
time delay, was proposed. 
In the case where the internet is used as a 
communication medium, the time delay is variable, 
depending on factors such as congestion, bandwidth and 
distance. Therefore, in [7], the passivity based bilateral 
control law proposed in [6] was extended so as to 
guarantee the stability of the teleoperation system not 
only in the presence of the constant time delay but also 
in the presence of the time varying delay. The proposed 
bilateral control scheme was applied to the haptic control 
of the bending motion of the DSD forceps teleoperation 
system proposed in [2]. In order to verify the 
effectiveness of the proposed control law, experimental 
works were carried out. 
Moreover, the DSD mechanism was improved so as 
to extend the degree of freedom of motion of the tip 
position. In the former DSD mechanism, the tip position 
could reach only on the hemisphere surface. In order to 
employ the DSD mechanism in manipulators used in 
various fields, it is indispensable to extend the motion 
space of the tip position to inner side and outer side of 
the hemisphere surface. Thus, design of the DSD 
mechanism was modified, and new DSD mechanism 
was proposed in [8]. In order to control bending motion 
of the new DSD mechanism, equations which give the 
amount of rotations of each linkage to achieve given 
bending posture were derived. In addition, the motion 
space of the tip position was analyzed using the derived 
equations. To verify the validity of the derived equations, 
experimental works were carried out for the new DSD 
forceps manipulator. 
2. Robotic forceps teleoperation system 
2.1. DSD forceps 
The developed robotic forceps incorporating the new 
screwdrive mechanism, termed double-screw-drive 
(DSD) mechanism, (DSD forceps) and its partial detail 
views are illustrated in Fig. 1. 
The DSD mechanism has three linkages, and when 
examined in cross-sectional view, each linkage is 120 
degrees apart from the other linkages and 6 mm from the 
center of the cross-section (Fig. 1(a)).  Let us denote the 
group consisting of part 5  and part 6  
 consisting of part 1  and part 2  
as a as  Bending motion is achieved by 
rotating the two bending linkages, and grasping linkage 
is used for actuating the gripper (Fig. 1(c)). 
The key point of this mechanism is that one side of 
part 5  is a left-handed screw and the other side is a 
right-handed screw.  When a DSD module is connected 
to another module, a joint is formed (Fig. 1(b)). The left-
handed screw of part 5  connects to part 3 , and the 
right-handed screw of part 5  connects to part 4  of 
another module. The rotation of the linkage changes the 
connecting length of the screw and the plate at both ends 
of part 5 . As a result, an angle is formed between part 
3  and part 4 .  For example, when the linkage rotates 
clockwise, part 3  and part 4  approach each other, and 
when the linkage rotates counterclockwise, they move 
away from each other. Thus, bending motion is achieved. 
The DSD forceps can bend without using wires, and 
can bend at 90 degrees in any arbitrary direction. The 
gripper of the DSD forceps can perform rotational 
motion, which is achieved by rotating a third linkage in 
the DSD mechanism. Opening and closing motions of 
the gripper are attained by wire actuation. The main 
specifications of the DSD forceps and the detailed 
explanation for the mechanism are illustrated in [2].  
2.2. Master Manipulator for Teleoperation 
In a laparoscopic surgery, multi-DOF robotic forceps 
manipulators are operated by remote control. In order to 
control the DSD forceps as a bilateral teleoperation 
system, the joy-stick type master manipulator for 
teleoperation was built by reconstruction of a ready-
made joy-stick combined with a conventional forceps, 
which is capable of controlling bending, grasping and 
rotary motions of the DSD forceps. In addition, using the 
built joy-stick type master manipulator, operator can feel 
reaction force generated by electric motors. The 
teleoperation system and force feedback mechanisms for 
the bending force are illustrated in Fig. 2. The operation 
force is detected by strain gauges, and variation of the 
position is measured by encoders mounted in the electric 
motors. 
3. Bilateral control 
3.1. Bilateral control for one-DOF bending 
Let the dynamics of one-DOF master-slave 
teleoperation system be given by 
mmmmmmmm fxcxbxm , (1) 
ssssssss fxcxbxm , (2) 
where subscripts m  and s  denote master and slave 
respectively. mx  and sx  represent the displacements, 
mm   and   sm    the   masses,   mb    and   sb    the   viscous 
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Fig. 2. DSD forceps teleoperation system
coefficients, and mc and sc the spring coefficients of 
the master and slave devices. mf stands for the force 
applied to the master device by human operator, sf the 
force of the slave device due to the mechanical
interaction between slave device and handling object,
and m and s are input motor toques. As shown in Fig.
3, consider the communication time-varying delay 
)(tTi ),( smi in the network between master and slave
systems.
Human
operator Master Slave Environment
mx sx
mf sf
)(tTm
)(tTs
Communication Time varying Delay
Fig. 3. Communication time delay in teleoperation systems
Control objective is described as follows.
Design Problem: Find a bilateral control law which 
satisfies the following two specifications.
S1) In both position and force tracking, the motion 
scaling, which can adequately scale down the
movements of the slave device and scale up the 
reaction forces to the operator, can be achieved.
S2) Stability of the teleoperation system in the 
presence of the communication time-varying 
delay between master device and slave device, is
guaranteed.
The following conditions are assumed.
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Assumption 1: The human operator and the remote 
environment are passive. Namely, the following
inequalities hold.
0,0
00
t
ss
t
mm dfrdfr . (3)
where mr and sr are new variables defined as
mmm xxr , sss xxr ,                         (4)
and is an arbitrary positive constant.
Assumption 2: The communication time-varying delay 
)(tTi satisfies ),(,1
)( smi
dt
tdTi .
Assumption 3: The input-output pairs
)(, * tTtfgr mmms and )(,
* tTtfgr sssm are 
passive. Namely, the following inequalities hold.
,0)(
0
* dTfgr
t
mmms
0)(
0
* dTfgr
t
sssm . (5)
Then, the following result has been obtained[7].
Theorem: Under Assumptions 1-3, such motor torques 
for bilateral control that satisfy the specifications S1)
and S2) are given as follows.
))(())(( *1
*
1 tTtxgGKtTtxgGK ssspssspm
))((* tTtfgGK sssfm
mmmmmmm fKxbKcxmK )( 11 ,
(6)
))(())(( *1
*
1 tTtxgKtTtxgK mmmmmms
))((* tTtfgK mmms
,)( 11 sssspsssp fKxbGKcxmGK
(7)
where 1K , mK and sK are feedback gains, 1pG
and 1fG are scaling gains for position tracking 
and force tracking, and *ig ),( smi are time-
varying gains given as constant.
3.2. Extension to omnidirectional bending
The bilateral control scheme described in the former 
section is extended to omnidirectional bending of the
DSD forceps teleoperation system with time-varying
delay. As shown in Fig. 2, the master device is the 
modified joy-stick manipulator. Namely, this is different
structured master-slave system. The cross-section views 
of shaft of the joy-stick and the DSD forceps are shown
in Fig. 4.
Due to the placement of strain gauges and motors
with encoder of the master device, the dynamics of the
master device are given in x - y coordinates, and due to
the arrangement of the bending linkages, the dynamics
of the slave device are given in A - B coordinates. In 
order to extend the proposed bilateral control law to
B A
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Fig. 4. Coordinates of master device and slave device
omnidirectional bending motion of the DSD forceps, 
consider to unify the coordinates in x - y coordinates.
Using the change of coordinates which converts a 
position ),( BAr given in A-B coordinates to ),( yxr
given in x-y coordinates, the dynamics of the slave 
device given in A - B coordinates are equivalently
expressed in x - y coordinates. Finally, the dynamics of 
the two-DOF DSD forceps teleoperation system in 
horizontal direction and vertical direction are described
as follows.
xsxsssssss
xmxmmmmmmm
fxcxbxm
fxcxbxm (8)
ysysssssss
ymymmmmmmm
fycybym
fycybym (9)
For each direction, the bilateral control law derived in 
the former section, which is developed for one-DOF
bending of the DSD forceps, is applied. As shown in Fig.
4, the actual torque inputs ( As , Bs ) to the motors in the
slave device must be given in A - B coordinates, which 
can be obtained from ( xs , ys ) through an inverse 
change of coordinates.
Thus, bilateral control for omnidirectional bending
motion of the DSD forceps was realized.
3.3. Experiments
In order to verify an effectiveness of the proposed 
bilateral control law, experimental works with the
following purpose were carried out for the developed 
DSD forceps teleoperation system.
1) Verification of the effect for the motion scaling
2) Verification for omnidirectional bending
Experimental results are shown in [7].
4. Extension of Motion Space for DSD Mechanism
As shown in Fig. 5, the tip position of the DSD 
forceps could reach an arbitrary point on the hemisphere 
surface by controlling rotations of two bending linkages,
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which would be enough degree of freedom in use as
multi-DOF forceps.
However, when applying this bending mechanism as a
manipulator in other fields, it is indispensable to extend
the motion space of the tip position to inner side and
outer side of the hemisphere surface. This is achievable
by replacing the third linkage currently used as the
grasping linkage to the bending linkage. In order to
control the tip position of the new DSD mechanism 
arbitrarily, it is necessary to determine the amount of 
rotations of each bending linkage using inverse
kinematics. Then, the new DSD mechanism is not only
applicable to multi-DOF forceps, but also applicable to 
manipulators used in various fields, such as a power 
shovel for civil engineering and construction and
hazardous environmental robots for nuclear reactor,
seabed and space. Thus, it is considered that applicable
fields of the DSD mechanism in industry will spread.
Tip orbit of 
the former 
DSD mechanism
h
Fig. 5. Tip orbit of the former DSD mechanism
4.1. Modification of DSD mechanism
The modification of the one module of the DSD
mechanism is shown in Fig. 6. Note that the linkage C of 
the former DSD mechanism, namely the grasping
linkage, was exchanged to the bending linkage in the
new DSD mechanism. Hence, it is also necessary to 
consider the amount of rotations of the bending linkage
C, denoted as , in the inverse kinematics problem.
Former DSD mechanism New DSD mechanism
A
C
B AC B
Fig. 6. Modification of DSD mechanism
4.2. Kinematics of the Former DSD Mechanism
In order to realize arbitrary bending for the former 
DSD forceps manipulator, an inverse kinematics
problem where it is necessary to determine the rotation
angle of the two bending linkages given the elevation 
and the azimuth of the forceps manipulator, was
considered.
The coordinates for the DSD mechanism are shown in 
Fig. 7, where represents the elevation, which is the 
deflection of the forceps from the vertical, and 
represents the azimuth, which is the angle between the
forceps and the grasping linkage. The angles are referred 
to as
Fig. 7. Bending-rotation coordinates
Then, from geometrical analysis, the amount of 
rotations of the bending linkage A, denoted as , and 
linkage B, denoted as , are given as follows.
)
6
cos(
6
tan4.10 (10)
)
6
cos(
6
tan4.10 (11)
Therefore, provided that the bending angle and the
rotation angle are specified, the amount of rotations
and of each linkage can be determined.
4.3. Kinematics of the New DSD Mechanism
For the new DSD mechanism, consider a displacement 
of the tip position in vertical direction h as shown in 
Fig. 5. h is a new parameter to specify a bending
posture. In the following, equations which give the
amount of rotations ),,( of each linkage to realize 
the given bending posture ),,( h are derived, where
h is
To this end, depending on the rotation angle , the 
control area is divided into three domains as shown in 
Fig. 8, which are 1 =0 to 120 , 2 =120 to
240 and 3 =240 to 360 .
In order to attain a specified posture ),( , only two 
bending linkages are needed.  Therefore, given bending
angle and rotation angle ),( are realized by using 
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the linkages B and C ),(  in domain 1 , the linkages 
A and B ),(  in domain 2  and the linkages A and 
C ),(  in domain 3 . 
 
A B
C
0
120240
 
Fig. 8. Domain division by rotation angle 
Finally, the amount of rotations ),,(  of each 
bending linkage to realize a bending posture ),,( h  
are given by the following equations[8]. 
1 =0  to 120  
3
),()
6
5cos(
6
tan4.10
3
),()
2
cos(
6
tan4.10
3
),(
h
h
h
                    (12) 
2 =120  to 240  
3
),(
3
),()
6
cos(
6
tan4.10
3
),()
6
cos(
6
tan4.10
h
h
h
                    (13) 
3 =240  to 360  
3
),()
6
5cos(
6
tan4.10
3
),(
3
),()
2
cos(
6
tan4.10
h
h
h
                    (14) 
where the tip height ),(h  is such a value that 
satisfies the following inequality. 
maxmin ),( hhh                (15) 
minh  and maxh  are determined depending on the 
posture ),(  and restrictions on the mechanism. 
Thus, the equations which give the amount of 
rotations of the three bending linkages so that the 
specified bending posture is achieved, were derived. 
The motion space at the tip of the bending part of the 
new DSD mechanism was analysed under the derived 
equations using the numerical analysis software 
MATLAB/Simulink. Although the tip orbit of the former 
DSD mechanism was hemisphere surface, the tip orbit of 
the new DSD mechanism was extended to inner side and 
outer side of the hemisphere surface. The details are 
shown in [8]. Experimental works were carried out to 
verify the validity of the derived equations, and the 
result will be shown in the conference. 
5. Conclusions 
In this paper, a multi-DOF robotic forceps 
manipulator developed in our laboratory was reviewed. 
A novel screwdrive mechanism, termed DSD 
mechanism, was illustrated, and it was utilized in a 
multi-DOF robotic forceps manipulator for laparoscopic 
surgery. 
In order to control the DSD forceps through a 
teleoperation system, a Lyapunov function based 
bilateral control law has been proposed in [7]. From 
experimental results, the effectiveness of the proposed 
control law for the motion scaling and for 
omnidirectional bending motion of the DSD forceps 
teleoperation system with time-varying delay was 
verified. 
In addition, design of the DSD mechanism has been 
improved so as to extend the degree of freedom of 
motion of the tip position, and new DSD mechanism has 
been proposed in [8]. From experimental result, the 
validity of the derived equations was verified. 
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